Many bird species are advancing the timing of their egg-laying in response to a warming climate. Little is known, however, of whether this advancement affects the respective length of the breeding seasons. A meta-analysis of 65 long-term studies of 54 species from the Northern Hemisphere has revealed that within the last 45 years an average population has lengthened the season by 1.4 days per decade, which was independent from changes in mean laying dates. Multi-brooded birds have prolonged their seasons by 4 days per decade, while single-brooded have shortened by 2 days. Changes in season lengths covaried with local climate changes: warming was correlated with prolonged seasons in multi-brooded species, but not in single-brooders. This might be a result of higher ecological flexibility of multi-brooded birds, whereas single brooders may have problems with synchronizing their reproduction with the peak of food resources. Sedentary species and shortdistance migrants prolonged their breeding seasons more than long-distance migrants, which probably cannot track conditions at their breeding grounds. We conclude that as long as climate warming continues without major changes in ecological conditions, multi-brooded or sedentary species will probably increase their reproductive output, while the opposite effect may occur in single-brooded or migratory birds.
Introduction
The global mean temperature has been markedly increasing over the decades, and the rate of warming has greatly accelerated recently. In 2015 the global average surface temperature broke all previous records, and for the first time temperatures were about 18C above the pre-industrial era [1] . Such an important change in environmental conditions must have a profound effect on living organisms. Evidence for climate-driven changes in the physiology and behaviour of various species comes from hundreds of studies performed on a wide range of plants and animals, including birds [2] [3] [4] .
Many species are advancing their laying dates in response to climate warming [5] [6] [7] [8] [9] [10] . Advanced timing of breeding is frequently associated with a shift of the whole breeding season (earlier initiation of breeding and earlier cessation of the reproductive period), without any change in fitness-related traits [10] [11] [12] . In species in which the laying date is correlated with clutch size, advanced breeding has sometimes resulted in an increased number of eggs and higher breeding success [4, 13, 14] (but see [15] ). In some studies the advancement in laying dates has been found to be associated with a decline in breeding productivity, for example, when the shift in laying dates resulted in a mismatch between the time of peak food availability and the nestling feeding period [16] [17] [18] (but see [19] [20] [21] [22] ).
Climate change may affect not only the earliest or mean laying dates but also the length of the entire breeding season. The latter phenomenon should have serious fitness consequences, much more important than advancement in laying dates [23, 24] . To maximize fitness, birds often breed throughout the whole period when the probability of successfully raising young is relatively & 2017 The Author(s) Published by the Royal Society. All rights reserved.
high [25, 26] , and they attempt to be multi-brooded only if enough food is available [27 -30] . Thus, the duration of the season affects re-nesting potential and the annual number of broods, which is a crucial component of reproductive performance [31] . Moreover, in many species the number of clutches produced seasonally is a more important correlate of annual reproductive success or fecundity than, for example, increased clutch size [32, 33] . However, the effect of climate change on the duration of breeding seasons has received surprisingly little attention [4,14,23,34 -37] .
We may expect three main scenarios related to changes in the duration of the breeding season (figure 1). In the simplest case, the duration of the breeding season will not change, either because the timing of breeding remains unchanged or the whole season would be shifted (will start and end earlier; figure 1a ). The second possibility is the shortening of the breeding season (figure 1b). This may be observed if birds advance their laying dates but not sufficiently to match advancements in plant/food phenology or, in contrast, sufficiently to match some new, narrower peak abundances. In such situations, food resources in the latter part of the season will deteriorate, causing an earlier end of egg-laying. This scenario should be expected, especially in single-brooded species, which often rely on food that shows a clear peak of abundance. Third, if egg-laying starts earlier and environmental conditions do not deteriorate with the advancing vegetative season [3] , species can extend their reproductive activity (figure 1c). This may be expected in multi-brooded species whose food is abundant throughout the breeding season, but cold springs have prevented them from starting to breed earlier in the past. These three basic scenarios (extension, shortening and no change in the duration of the breeding season) may occur not only when the earliest laying dates are advanced, but also when the end of the season is delayed (a mirror image of figure 1).
It can be hypothesized that multi-brooded species will lengthen their breeding seasons with increasing spring temperatures as they are able to take advantage of long-lasting food resources, and they generally start breeding as soon as possible [24, 26] . By contrast, single-brooded species fine-tune their breeding cycle with short-lasting food resources, and all three scenarios (shortening, no change and extension of breeding season) can be expected, depending on how their prey will react to climate warming. Stronger phenological responses, in term of shifts in the duration of breeding seasons, should be observed with more rapidly changing temperatures [11, 16, 24, 38] and at higher latitudes where temperatures increased more compared to temperate areas [2, 4, 24] . As long-term changes in laying dates are related to body size [38] , we also predict that small-bodied species will change the duration of their seasons more significantly in comparison with larger species [38, 39] . Finally, previous studies suggested that long-distance migrants may be constrained in their phenological response to climate change [40] [41] [42] [43] , thus we may expect that the duration of their breeding season will change less across time, in comparison with short-distance migrants or sedentary species.
In this paper, we use a meta-analysis approach to investigate results of studies on long-term changes in the duration of avian breeding seasons, and we test the hypothesis that extension of the reproductive season is stronger in multibrooded species compared with single-brooded species [4, 23] . We control for possible confounding effects of phylogeny [44] , life history of the species [39, 45] , their migratory habits [40, 46] , the latitude of the local population [2, 4] and local climate conditions [29,47 -49] .
Material and methods (a) Definitions
We defined the duration of the breeding season as the interval between the earliest and the latest laying dates, following methods used in the majority of single-species studies [34, 35, 50] . For studies based on nest cards or large datasets (e.g. from breeding colonies), which may be subject to error because of the bias introduced by variable sampling efforts, we used 5th/95th or 10th/90th percentiles of laying dates, following figures provided by the authors of the original studies [7, 15, 36, 51] .
The effect size (ES) of a study was defined as a value of the slope (b coefficient) of linear regression of the season length on year. Thus, the ES measures an average change (in days) in length of breeding seasons per one year of the study. For example, ES ¼ 0.7 means that within the time frames of the study, the reproductive season has been lengthening on average by 0.7 days annually.
The most frequently used definitions of broodedness, such as 'single-brooded species very rarely produce a second clutch after having fledged a first brood, and double-brooded species often lay a second clutch after having raised the first brood successfully' [52] , are not very precise, which sometimes results in different classification of the same species by various authors [4, 23, 24, 52] . Therefore, we decided to adopt an additional criterion, assuming that if more than 30% of pairs, in at least some analysed populations of the species, produce second broods, the species was classified as multi-brooded; otherwise it was treated as rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171710 single-brooded. We extracted the information about the number of broods from the published papers on the focal populations, or asked the authors directly. In the case of nest-card data, including many populations for which data on second broods are often unavailable, we classified the species as single/multi-brooded using standard reference works [54] or information provided by the authors of respective papers.
We also divided the species into two groups with regard to their migratory habits: long-distance migrants and the remaining species, including short-distance migrants and sedentary species, based on general ornithological literature [54, 55] .
(b) Data collection
Data come from three major sources: (1) published information, (2) unpublished data obtained from authors conducting long-term studies of the breeding biology of single bird species or analysing nest-card data and (3) unpublished data from the Polish nest-card scheme. When we asked researchers for data, we also suggested including only years in which at least 10 nests were observed.
(1) To find out the published information concerning long-term changes in the duration of the breeding season, we made an exhaustive literature search for publications on the duration of the breeding season/reproductive season, climate change, laying dates and egg-laying. We found published information about 25 bird species or 26 local populations. Additionally, we contacted 11 authors who published data on temporal changes in the duration of the breeding season but used different definitions of the season duration [53, 56] or statistics not suitable for our purposes [4, 29, 36, 57] . Nine of them sent us the modified data. In sum, from this source we collected data on 33 species from 42 local populations. (2) Between late August and mid-September 2015, we e-mailed 64 authors of long-term studies who published results concerning changes in egg-laying dates in relation to climate change (but not duration of breeding season) and asked them for information on the change in the duration of the laying period over time. When the authors replied positively to our e-mail but did not send the data within three weeks, we sent them another e-mail with a reminder. In total, 24 authors did not reply to our e-mails, 14 replied but did not send their data (explaining they did not want to share the data or did not have time to prepare the files or their data were not suitable for our purposes), and 26 authors responded positively. In total, we obtained data on 26 species (30 local populations). (3) Data from the Polish nest-card scheme concern eight bird species breeding in Poland: European cuckoo parasitizing Eurasian reed warblers, European greenfinch, marsh harrier, common linnet, common and lesser whitethroats, whinchat and yellowhammer. For the European cuckoo, we also added unpublished data of Lucyna Halupka and Andrzej Dyrcz. The methods of estimating first-egg dates from nest records were described elsewhere [58] . Following other authors analysing laying trends from nest cards [36, 38] , for each year we estimated 5th and 95th percentiles of the first-egg dates, and the interval between these dates was an estimation of the season length.
Data on female body mass were obtained from [59] . The distribution of body mass was strongly skewed, thus in the meta-regression we used the natural logarithm of this variable.
(c) Inclusion/exclusion criteria for studies
In sum, from all three sources described above, we collected 80 datasets on 63 bird species. We eventually included a dataset into the analysis only if (1) the data were collected during at least 10 breeding seasons, (2) the study period spanned more than 15 years, (3) the average seasonal number of nests was higher than 10 and (4) sampling effort expressed as the number of nests found was fairly constant across years (Spearman correlation coefficient between the annual number of nests and year was lower than 0.5). As 15 datasets did not meet these criteria, they were excluded. Our final database thus consisted of information about 65 local populations representing 54 bird species (figure 2; table S1 in [60] ).
(d) Meteorological data
Meteorological data for the study sites (mean monthly temperatures) were obtained from National Centers for Environmental Information (http://www.ncdc.noaa.gov/cdo-web/datatools/ findstation). We searched for the stations mentioned by the authors (e.g. [8, 21, 22, 61] ). Otherwise, we used the data from the meteorological stations closest to the study site and with complete records across the study years. We decided not to include in analyses involving local temperatures data from nest cards of seven species nesting in the USA [5, 62] because we did not have the information about the geographical distribution of the nest records.
To describe local climatic trends, we used a climate change index (the first principal component from the analysis described below) incorporating four climatic variables widely used in previous works on changes in avian laying dates: the change in temperatures across years in the month preceding egg-laying, the month of the start of egg-laying, mean temperatures in the entire laying period (expressed as slopes of linear regressions by year) and the data on winter North Atlantic Oscillation (NAO) index (see below).
As expected, spring and summer temperatures increased in most study sites: the trends for all three temperature variables averaged across all study sites were positive. Median temperature increase in the month preceding laying was 0.0578C per year, in the month of earliest egg-layings it was 0.0598C and in the whole laying period 0.0388C. However, there has been a high variation of these parameters among the sites: in some localities the rate of warming has been impressive (up to 0.248C per year in the month of first-egg commencement), whereas in a few North American study sites temperatures have decreased (a minimal value was 20.158C per year in the month preceding laying). However, all the three variables describing changes in local temperatures were positively intercorrelated (0.354 r 0.620) that justified their reduction in principal components analysis.
Winter NAO data were obtained from the National Center for Atmospheric Research (https://climatedataguide.ucar.edu/ sites/default/files/nao_station_annual.txt). For each study we calculated the proportion of years with a positive phase of the winter (December-March) NAO index, for the period including all years from the first to the last season of the study. It varied from 0.39 to 0.67, with the median value of 0.57, and correlated negatively with the variables describing changes in local temperatures (20.304 r 20.100).
For the subsequent statistical analyses, including a metaregression explaining changes in the length of breeding seasons, the climate data were summarized using the principal component method (table S2 in [60] ). The first principal component, multiplied by 21 to change its sign, was used as a climate change index. It included 51.1% of the total variance in the four climate variables described above, and their loadings varied in the absolute magnitude from 0.32 to 0.60. The climate change index correlated positively with the trends in local temperatures (r ¼ 0.68, 0.86 and 0.79, for the month preceding egg-laying, the month of start of egg-laying and the entire breeding season, respectively), and negatively (r ¼ 20.46) with recurring positive phase of winter NAO.
(e) Statistical analysis
Meta-analyses (except for the analyses corrected for phylogeny; see below) were run in R [63] using the library 'metafor' [64] .
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Random-effects models were adopted, as we expected between-study heterogeneity due to different local environmental conditions and life histories of the studied species. Between-study heterogeneity was estimated using restricted maximum-likelihood method.
To test the major hypothesis that multi-brooded and singlebrooded species have reacted differently to recent climate changes, we calculated two random-effects models and subsequently compared the received grand effect sizes (ESs) in a Wald-type test using separate estimates of random-effects
ES ± 95% confidence interval
Acrocephalus scirpaceus [5] Acrocephalus scirpaceus [6] Carduelis cannabina [13] Charadrius vociferus [14] Chloris chloris [15] Cuculus canorus [17] Cyanistes caeruleus [18] Cyanistes caeruleus [19] Cyanistes caeruleus [20] Delichon urbicum [21] Emberiza citrinella [22] Fulica americana [24] Hirundo rustica [25] Lullula arborea [28] Melospiza melodia [30] Panurus biarmicus [31] Parus major [32] Passer domesticus [33] Passer montanus [34] Periparus ater [35] Phoenicurus phoenicurus [36] Phoenicurus phoenicurus [37] Phoenicurus phoenicurus [38] Protonotaria citrea [42] Sialia sialis [44] Sylvia communis [53] Sylvia curruca [54] Turdus merula [57] Turdus merula [58] Turdus merula [59] Turdus migratorius [60] Turdus philomelos [61] Turdus philomelos [62] Tyto alba [64] Accipiter gentilis [1] Accipiter nisus [2] Accipiter nisus [3] Acrocephalus arundinaceus [4] Aegithalos caudatus [7] Aegolius funereus [8] Agelaius phoeniceus [9] Agelaius phoeniceus [10] Spatula discors [45] Anas platyrhynchos [11] Mareca strepera [29] Buteo buteo [12] Circus aeruginosus [16] Ficedula hypoleuca [23] Lagopus lagopus scotica [26] Lophophanes cristatus [27] Phylloscopus sibilatrix [39] Pica pica [40] Poecile montanus [41] Saxicola rubetra [43] Sternula albifrons [46] Sterna hirundo [47] Sterna paradisaea [48] Thalasseus sandvicensis [56] Strix aluco [49] Strix aluco [50] Strix uralensis [51] Sturnus vulgaris [52] Tachycineta bicolor [55] Turdus pilaris [63] Uria aalge [65] −2 −1 0 1 2 3 Figure 2 . The rate of change in the breeding season length (number of days per year) for 65 long-term studies of 34 populations of multi-brooded species (black) and 31 populations of single-brooded species (grey). 95% confidence intervals for average weighted ES in both groups are marked by shaded bands. Numbers in square brackets next to species names refer to population IDs in table S1 in [60] .
variance components for each group [65] . Sensitivity of the model results to publication bias was assessed using the trimand-fill method (function 'trimfill'). Trim and fill augments the scrutinized dataset with results of hypothetical 'hidden' studies in order to correct for asymmetry in the distribution of ESs. Next, the model in question is recalculated, which allows to estimate to what degree the grand ES might be sensitive to the file drawer effect [64, 65] . In a mixed-effects meta-regression model (table 1) random between-study heterogeneity was partitioned by fixed moderator variables: local climate change index interacting with broodedness, latitude of the breeding grounds (converted to decimal degrees), migratory habits (dummy variable: sedentary/migratory) and the average female body mass for each species. A further analysis of the interaction between the climate change index and the number of broods was done using the 'predict' function, with the model listed in table 1 as an argument.
To deal with a potential bias due to phylogenetic relatedness among species, we used the PHYLOMETA (v. 1.3) software [66, 67] , which was fed with 50 subsets of the database, each including 54 records (one for each species; in case a species was represented by several local populations, only one of them was randomly chosen) and 200 equally plausible phylogenetic trees constructed using the birdtree.org service [68] . In this way, we received 50 Â 200 ¼ 10 000 resamplings of the random-effects phylogenetically independent model. Grand ESs for multi-brooded and single-brooded species were calculated as medians across 10 000 resamples, with 95% confidence limits represented by the values of the 2.5th and 97.5th percentiles.
Results (a) Overall effect size and heterogeneity
The ESs (slopes of linear regression of the season length by year) of 65 studies of 54 species included in the analysis are shown in the forest plot (figure 2). They ranged from 20.932 (the Sandwich tern in Denmark) to 1.483 (the woodlark in the UK). In the random-effect model, I
2 ¼ 86.84% of the total variability in ESs was caused by heterogeneity among studies (Q 64 ¼ 501.102, p , 0.0001) rather than sampling/measurement errors in ES estimations. The breeding season length in an average study population extended annually by 0.14 days (95% CI: 0.030-0.258; z ¼ 2.473, p ¼ 0.013).
To test proximate mechanisms of season length modifications (cf. figure 1) , we compared the rate of change in season lengths versus the rate of change in mean laying dates among 43 populations, which produced a negligible correlation ( figure 3; r ¼ 20.010, p ¼ 0.946) . It thus appeared that the lengthening of breeding seasons could not be explained as a sole result of earlier start of reproductive activity. We recalculated grand ESs for multi-brooded and singlebrooded species using a random-effects model corrected for phylogeny ( figure 4 ). This resulted in only minor shifts in the figures reported above, and the corrected 95% confidence bands for both groups were again far apart, indicating a significant difference.
(c) Assessing publication bias
Symmetries of distributions of ESs among single-brooded and multi-brooded species were analysed using the trimand-fill method (figure 5). In the latter group 2 studies with negative ESs were potentially missing. However, the trimand-fill adjusted grand ES was only slightly different from the figure reported above, and equalled 0.418 (95% CI: 0.290-0.546).
(d) The influence of moderator variables
In the final model for the rate of change in the breeding season length (table 1), the number of broods (single/multibrooded) was entered as an explanatory dummy variable, together with its interaction with the local climate change index (see Material and Methods), as we expected the opposite responses in both groups. The other moderators were the latitude of the population, average female body mass and migratory habits of the species. Multi-brooded birds have been prolonging their breeding seasons with the warming climate, whereas in single-brooded species this tendency has not occurred ( figure 6 ). There was also a significant trend for changes in season lengths connected with migratory habits: sedentary birds and short-distance migrants prolonged their seasons by about two days per decade more 
Discussion
The rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171710 seasons in different species is not simply related to advancements of the earliest laying dates (figure 1c), as suggested in earlier papers [38] . For example, in some species the earliest laying dates did not advance (or this effect was minor), but reproductive seasons did extend, which was associated with nesting ending progressively later [18, 27, 34] .
Our analyses revealed that changes in the length of reproductive season have been affected by climatic variables. The final model has shown that a warming climate is positively correlated with an extension of the reproductive window only in multi-brooded species (figure 6). This result indicates that future warming may widen the difference in season length between multi-and single-brooded species, and affect their re-nesting potential and population productivity [14, 35, 37, 69] .
The shortening of single-brooded species breeding season length may result from their relatively narrow dietary requirements and need to fine-tune their laying dates to match the peak of particular food resources with the time of maximum energetic requirements of their young [20, 22, 26, 70] . Populations that advance their laying dates sufficiently to match food phenology are expected to shift breeding seasons without changing their duration [10, 11, 24] , whereas those that start breeding too late relatively to food resources, should shorten reproductive activity [16, 40, 69] . When the spring arrives ahead of usual time, birds, despite laying progressively earlier, might be delayed in relation to the phenology of food resources [16, 18, 35] . Conversely, multi-brooded birds have longer breeding seasons and, consequently, wider trophic niches, predisposing them for prolonging reproduction [24, 26] Our study is the first to reveal a significant effect of migratory habits on the duration of bird breeding seasons: sedentary species and short-distance migrants extended their seasons more than long-distance migrating bird species. Similar analysis has been performed for 20 species breeding in Denmark [23] , however, the authors did not find a significant effect of migration distance on the length of reproductive season. Our results suggest that long-distance migrants may have difficulty tracking rapidly changing environmental conditions on their breeding grounds [40] . Therefore, our study may provide a new argument in support of the phenologymismatch hypothesis [71] , which assumes that the rate of warming in the breeding and wintering areas need not to be correlated, causing a delayed departure from wintering sites and ecological mismatch at the breeding sites. Several other studies have also shown that although long-distance migrants have been arriving progressively earlier in response to climate warming [41, 42] and the interval between arrival and breeding has shortened [40, 43] , their breeding phenology has been actually delayed in relation to plant or insect phenology [35, 40, 41] .
The two other analysed factors, the latitude of the breeding grounds and female body mass, did not influence changes in lengths of reproductive periods. This result is similar to those found in some previous studies analysing climate-driven changes in timing of avian laying [4, 24] (but see [38, 39] ).
The results obtained in this study are robust to phylogenetic non-independence between populations and species. Apparently the phylogeny has not concealed effects of ecological pressures, because some species showed a high variation in response. For example, in the reed warbler, there were significant differences between relatively close populations (within a 500 km distance), where season length showed opposing trends in duration (figure 2). A weak phylogenetic signal in the data has not altered conclusions from the conventional meta-analysis. This parallels earlier studies which show that adjusting for phylogeny did not significantly change results of climate-related shifts in migration or breeding dates [4, 44] .
Conclusion
Our research is the first meta-analysis of climate-driven changes in the duration of avian breeding seasons, encompassing data from several countries of the northern hemisphere. We found that the changes in the length of the season were related to the species broodedness, in line with two earlier studies analysing data from single countries [4, 23] . Furthermore, our study is the first to detect a significant relationship between changes in the duration of the breeding season and migratory habits. Changes in the duration of breeding season were unrelated to advances in laying dates, in contrast to earlier predictions [24, 38] .
As the extension of the breeding season often increases reproductive output due to more re-nesting opportunities [27, 35] , we expect that multi-brooded species will increase their reproductive output, whereas in the single-brooded species an opposite effect may be expected, because of the diminishing potential for re-nesting [69] . So far, however, only a few studies have analysed the relationship between temporal changes in the duration of the breeding season and offspring production [14, 35, 37] . Because the restriction or extension of reproductive seasons also affects life-history trade-offs between reproductive effort and survival [72, 73] , the effect of altered breeding season duration on the viability of populations remains an open question.
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